Introduction
Many biological processes are carried out, or regulated, through the interactions between preformed proteins. The importance of such interactions in biology has made the protein recognition process an area of considerable interest. Here, we describe aspects of the atomic structure of the recognition sites seen in protein-protein complexes of known structure. The protein-protein complexes whose structures we analyse here are non-covalent assemblies of proteins that fold separately to carry out independent functions before they associate, as opposed to permanent macromolecular assemblies, such as oligomeric proteins, virus capsids or muscle ®bres. Though the two types of complexes have features in common, they also have many that differ, and are best treated separately. Gaudet et al. (1996) 1997; Tsai et al., 1996; Chothia, 1997) . Recently, however, there has been a large increase in the number of known three-dimensional structures that contain protein-protein recognition sites. These structures cover a much broader range of activities than earlier ones, which were almost exclusively protease-inhibitor and antibody-antigen complexes. They allow us to determine the extent to which rules based on the few structures that were ®rst available, can be generalised. We also ®nd features that were missed in previous work. The aspects of structure with which we are concerned here are those related to the stabilization of protein association: the size and chemical character of the protein surface that is buried at interfaces; the packing density of atoms that make contacts across the interface, which expresses complementarity; and polar interactions through hydrogen bonds and interface water molecules. Each of these aspects can be described at the level of the individual atom.
Protein-Protein Complexes of Known Structure
From the Protein Databank (PDB; Bernstein et al., 1977) , we selected 72 non-redundant ®les that contain X-ray structures of protein-protein complexes determined at a resolution of 3.1 A Ê or better. When more than one complex was present in the asymmetric unit, only one copy was retained. The atomic co-ordinates of another three complexes were given to us by their authors. Table 1 lists the 75 structures: 24 are complexes of proteases with protein inhibitors, 19 are complexes of antibody Fab or Fv fragments with cognate protein antigens, and 32 complexes of other kinds. Among the latter, there are nine complexes between enzymes and protein inhibitors or substrates, and 11 that involve GTP/GDP-binding proteins (G-proteins) or other components of the cellular cycle or signal transduction pathways. Although nearly all these complexes are binary in the sense that they have only two protein components, a few also contain cofactors or other nonprotein components.
The Interface Areas of Protein-Protein Recognition Sites
Our basic tool for measuring the extent of a protein-protein recognition site is the interface area: the area of the accessible surface on both partners that becomes inaccessible to solvent due to proteinprotein contacts. This area is the sum of the solvent-accessible surface areas (ASA) of the isolated components less that of the complex.
Solvent accessible surface areas were determined here using the Lee & Richards (1971) algorithm. The computer program is based on that originally produced by Lee & Richards (1971) , with subsequent modi®cations and extensions by Harpaz et al. (1994) and by Gerstein et al. (1995) . Cofactors, a Number of interface solvent molecules in 36 X-ray structures with resolution 2.4 A Ê or better. Due to the small number of occurences in other categories, the mean and standard deviation are quoted only for protease-inhibitor and for all complexes.
b Co-ordinates are gift from authors. The ®les are refered to as *1 to *3.
but not solvent molecules, were included in the calculations. Group radii were taken from Chothia (1975) . The radius of the water probe was 1.4 A Ê . We give in Table 1 the interface area B, and the number of hydrogen bonds and water molecules observed at each interface (see below for their de®-nition). The B value measures the interaction between components. The smallest interfaces have B % 1150 A Ê 2 in the yeast cytochrome peroxydasecytochrome c complex (2pcc), the Che A-Che Y complex (1a0b) and between cyclophilin and the HIV capsid protein (1ak4). The largest interface has B 4660 A Ê 2 , and is between phosducin and the G bg subunit of transducin (2trc). Thus, the overall range of interface areas B is wide. However, the histogram of Figure 1 shows that most values are clustered at the lower end of this range. All but one of the antibody-antigen complexes, and 19 out of 24 protease-inhibitor complexes have interface areas between 1250 and 2000 A Ê 2 . In antibody-antigen complexes, the mean value of B is 1680 A Ê 2 , and the standard deviation is 260 A Ê 2 . Only the interface between Fab De Âsire Â-1 and the T-cell receptor (1kb5) has B above 2000 A Ê 2 . The distribution of interface areas in protease-inhibitor complexes is bimodal. The major peak (19 complexes) has a mean B of 1530 A Ê 2 , and a standard deviation of 170 A Ê 2 . These protease-inhibitor complexes are comparable with the antibody-antigen complexes. The four complexes in the minor peak centred near B 3300 A Ê 2 involve the blood proteases thrombin and factor VIIA. They have interfaces twice as large and are listed as``large'' for that reason.
The histogram of the interface areas for other types of complexes shows a wider distribution. Yet nearly half (15 out of 32) are in the range 1600 (AE400) A Ê 2 , which we shall call``standard-size'' interfaces. Below this range, we ®nd the threè`s mall'' interfaces with B % 1150 A Ê 2 ; there are 14 large interfaces. In total, we have 3 small, 52 standard-size (70 %) and 20 large interfaces (27 %).
Whereas the value of B quoted in Table 1 applies to the two component proteins of a complex, interface areas were evaluated on each one (data not shown). The components contribute almost equally (50 (AE3)%) to B, with the exception of the standard-size protease-inhibitor complexes. There, B is distributed 46:54 on average between the protease and the inhibitor. This asymmetry is the result of a convex inhibitor surface ®tting into a concave active site. Because the ASA is measured one water probe away from the molecular surface, convexity tends to make it relatively larger, and concavity, smaller. The curvature effect is also seen on the peptide inhibitor bound at the active site of protein kinase A (1ydr) and in the cyclophilin-HIV capsid protein complex (1ak4). It is negligible in other complexes.
The descriptions small, standard and large refer to the size of the interface, not the complex, as there is little correlation between B and the size of the complex measured by its molecular weight or its ASA. The correlation coef®cient between B and the ASA is only 0.38, and the ratio of B to the ASA varies between 4 % and 18 % in different complexes. The complex between thrombin and hirudin (4htc) has a lower molecular weight (40 kDa) than a Fab-lysozyme complex, yet its interface is more than twice as large. Conversely, Fab-lysozyme complexes have the same size interface as the much smaller (20 kDa) complex of the bacterial ribonuclease barnase with its inhibitor barstar (1brs; Guillet et al., 1993; Buckle et al., 1994) .
Conformation Changes
For many of the complexes listed in Table 1 , atomic structures are known not just for the complex but also for one or both of the free components. Comparison of the free and complexed structures can show the changes that take place upon association. With one exception, the proteases, inhibitors, antigens and antibodies that form complexes with standard size interfaces undergo only small changes in conformation. These include shifts in surface loops or movements of short segments of polypeptide chain by up to 1.5 A Ê , and the rotation of surface side-chains (Janin & Chothia, 1990; Davies & Cohen, 1996) . The trypsinogen-pancreatic trypsin inhibitor (PTI) complex is the exception: part of the polypeptide chain is disordered in the isolated enzyme, but ordered in the complex (Bode et al., 1978) . The disorder-toorder transition is re¯ected in the association constant of PTI, which is several orders of magnitude smaller for trypsinogen than for trypsin which has a fully ordered structure, though the two complexes are otherwise extremely similar.
Conversely, the formation of complexes that have large interfaces is seen to involve large changes in conformation in those cases where native structures are available. These changes are generally described in publications reporting the Table 2. X-ray structure of the complexes. They are summarised in Table 2 for the 20 complexes that have B > 2000 A Ê 2 . In one (1kb5), no free component structure is known. In 14 others, at least one of the components is seen to undergo large changes in conformation upon complex formation. There are three more blood protease-inhibitor complexes (1tbq, 1toc, 1dan) where the protease undergoes little change. Whilst the structure of the free inhibitors is not known, they are elongated molecules made of well-de®ned domains separated by¯ex-ible linkers, and unlikely to have the same structure outside the complexes. The remaining two cases are the FKBP12-calcineurin complex (1tco) which has a large non-protein component at the interface and no known structure for the free calcineurin, and the uracil-DNA-glycosylase-inhibitor complex (1udi). There, the enzyme shows little change and the inhibitor is a small compact molecule, but their interface is just above the 2000 A Ê 2 cut-off.
Three major types of structural changes can be deduced from the information available at present: disorder-to-order transitions as regions of the polypeptide chain that are disordered in the free protein become ordered in the complex; large movements of the main-chain as loops switch to quite different conformations; and in multi-domain proteins, changes in the relative position of the domains. The ®rst type is illustrated by the thrombin-hirudin complex (4htc). In addition to a N-terminal globular domain that binds at the active site, the hirudin inhibitor has a C-terminal tail that becomes ordered as it binds to a secondary site of the protease (Rydel et al., 1991) . The second type is illustrated by transducin as discussed below, and the third by the EFtu component of the Escherichia coli EFtu-EFts complex (1efu): two domains swing by 18 , undergoing movements of 10 A Ê on average (Kawashima et al., 1996) . These three types of structural changes are the most common, but others are observed and in many of the cases, combinations of changes are seen. For instance, the CDK2 kinase undergoes domain and loop movements upon binding cyclin A, but it also contains a a-helix that rotates about its axis while becoming part of the interface (Jeffrey et al., 1995) .
Classes of Atoms at Protein-Protein Recognition Sites
In describing the atomic structure of recognition sites it is useful to distinguish between three classes of atoms (Figure 2 ). These are (i) interface atoms (types A, B, C): all atoms that lose solvent-accessible surface on the formation of the complex. Interface atoms on different components are within the sum of the Van der Waals radii plus the diameter of the water probe (2.8 A Ê ). Not all interface atoms make actual Van der Waals contact across the interface. Those which do will be called: (ii) contact atoms (types B and C): all atoms within a distance of atoms on the partner protein equal to the sum of the Van der Waals radii plus 0.5 A Ê . Contact atoms are a subset of interface atoms. Though contact atoms make Van der Waals contacts across the interface, they may retain some accessibility to the solvent. (iii) Buried interface atoms (type B): atoms that are accessible in the free component but have zero accessible surface area in the complex. The average interface contains 211 atoms belonging to 52 amino acid residues. Of these atoms, approximately one-half are contact atoms and onethird are buried (Table 3) . For a standard-size interface, each side has an average of 87 atoms from 22 residues, of which 44 are contact and 30 buried atoms. Figure 2 (b) shows how these numbers can be rationalised in a simple way. Buried atoms forming an irregular hexagonal array are surrounded by a ring of contact atoms and another of non-contact atoms that lose accessible surface. As they are all interface atoms, their numbers approximately correspond with one side of a standard-size interface. The ratio between the three classes depends on the shape of the array, recalling that real interfaces involve patches of the protein surface that are not planar and have irregularly shaped edges. The shape in Figure 2 (b) reproduces an average of these effects.
The number of interface atoms scales linearly with the interface area. On average, there is one interface atom per 9.2 A Ê 2 of interface area. As one might expect, contact atoms bury more surface than interface atoms not in direct contact. Whereas contact atoms are only one-half of all the interface atoms, they contribute three-quarters of the interface area. The remaining one-quarter belongs to peripheral interface atoms of type A in Figure 2 , whose closest approach to atoms on the other component is less than the sum of the Van der Waals radii, plus the diameter of a water molecule. Buried atoms contribute less interface area than other contact atoms, because most are already partly buried in the free proteins.
The Chemical Character of the Interfaces
Chemical groups at the protein surface may be allotted to one of three types: non-polar (all groups containing aliphatic and aromatic carbons); neutral polar groups (all groups containing non-carbon atoms, except those carrying a net electric charge), and charged groups. Their relative contribution to the interface area is listed in Table 6 (see page 2186). The average composition of the solvent-accessible surface of small globular proteins is 57 % non-polar, 24 % neutral polar and 19 % charged (Miller et al., 1987a) . The average surface of the 75 protein-protein interfaces is 53 % non-polar, the average interface, 56 %. Thus, the fraction contributed by nonpolar groups is similar and, on average, patches of protein surface that form interfaces are no more hydrophobic than the accessible surface of small globular proteins. The fraction contributed by neutral polar groups is somewhat higher, whereas charged groups are somewhat less abundant.
However, the spread around the average values is large (Figure 3) . We do observe interfaces that are signi®cantly less polar than the average protein surface, and others that are signi®cantly more polar. Standard-size protease-inhibitor interfaces tend to be of the ®rst type with a mean 61 % nonpolar. Antibody-antigen interfaces are of the second type with a mean 51 % non-polar. The interface between the two antibody Fv fragments D1.3 and E5.2 (1dvf) is the most hydrophilic in our sample (42 % non-polar). The most hydrophobic (%70 % non-polar) are in two protease-inhibitor complexes (1ppf,1acb) and in the erythropoietin receptor-peptide complex (1ebp). The latter complex contains a peptide that has been selected in vitro for high af®nity, but is unrelated to the natural ligand hormone. The three most hydrophobic interfaces are of standard-size and bury %1100 A Ê 2 of non-polar surface. No large interface is as non-polar as these three. Yet, the total amount of non-polar protein surface that is buried at a large interface can be huge, over 2000 A Ê 2 in the E. coli EFtu-EFts complex (1efu) for instance.
The non-polar fraction is very similar for contact atoms (58 %) and for interface atoms in general (56 %). This might be expected because the fraction is calculated on interface areas, of which contact atoms contribute three-quarters. Buried atoms are de®nitely more non-polar, 63 % on average, than other interface atoms, which remain partly accessible to the solvent.
The polar surface includes neutral and charged groups. On average, neutral polar groups contribute 29 % to the interface area. Charged side-chain groups contribute 15 %, with a slight excess of the positively charged surface over the negative one, whereas the accessible surface of the complexes is 18 % charged and equally distributed between positive and negative charges. We ®nd that interfaces are somewhat depleted in negatively charged groups relative to the rest of the protein surface (6.7 % versus 9.1 %), but not in positively charged groups. Again, these numbers are averages and the contribution of charged groups varies widely from one complex to another, from zero at the erythropoietin receptor-peptide interface (1ebp), to 27 % at the Rap1A-Raf1 interface (1gua).
The polypeptide main-chain atoms contribute to 19 % of the interface area of the average proteinprotein complex (Table 3) . Side-chain atoms contribute 80 %, and non-protein groups 0.4 %. Again, these fractions are close to the average surface. They show that the main-chain contribution to interfaces cannot be ignored, especially that of the carbonyl oxygen which accounts for 11 % of the interface area, more than any other type of atom. Non-protein groups (HETATM in PDB ®les) are unimportant, with the exception of the FK506 immunosuppressant drug in the FKBP12 immunophilin-calcineurin complex (1tco), which is a major part of the interface and accounts for 30 % of the accessible surface area lost by the immunophilin when it binds to calcineurin. In a few other complexes, metal ions occur at the interface, but their buried surface is small. Table 4 describes the contribution of each of the 20 amino acid types to the interfaces and to the protein surface that remains accessible to solvent in the complexes. The two surfaces have amino acid compositions that are signi®cantly different. Interfaces are much richer in aromatic residues His, Tyr, Phe and Trp than the average protein surface (21 % versus 8 %), and somewhat richer in aliphatic residues Leu, Ile, Val and Met (17 % versus 11 %). They are depleted in the charged residues Asp, Glu and Lys, but not Arg, which is the residue type that makes the largest overall contribution to interfaces (10 %). Some variations are seen between different types of complexes, but the large contribution of Arg and depletion in Lys are general. Protease-inhibitor interfaces are particularly rich in Cys (mostly from disulphide bridges), antigen-anti- Interface atoms with zero accessible-surface area when solvent is taken into account; the data set is restricted to 36 X-ray structures with resolution 2.4 A Ê or better.
The Character of Amino Acids at Interfaces
c The average interface area per interface atom is close to 9.2 A Ê 2 in all complexes.
body interfaces in Tyr, which contributes one-sixth of their area.
The amino acid composition of protein-protein interfaces is compared in Table 4 and Figure 4 to that of interfaces between subunits in 23 oligomeric proteins, and also to their accessible surface and to the protein surface buried upon subunit folding (Janin et al., 1988) . These compositions refer to the contribution of the residue types to the surface area, not to the number of residues. For pairwise comparison, a Euclidian distance Áf can be computed in the 19-dimension space of amino acid composition, from: Table 6. between some of the compositions in Table 4 are shown in Figure 4 . The distance of 3.9 % between the accessible surface of oligomers and the surface buried upon folding, represents the difference in amino acid composition between the protein surface and interior. The distance between the average solvent-accessible surfaces of the complexes and the oligomeric proteins is 1.2 %, which may be seen as a background value.
Not surprisingly, the two types of interfaces are in between the protein surface and its interior. However, the composition of interfaces in proteinprotein complexes is just half-way, whereas the composition of subunit interfaces in oligomers is much closer to the interior than to the surface. The average subunit interface in oligomers is also more hydrophobic (Janin et al., 1988; Jones & Thornton, 1996) than the average protein-protein interface, and strongly depleted in charged groups. This can be seen from the amino acid composition by calculating the ratio of the fraction of charged amino acids Arg, Lys, Glu, Asp to that of hydrophobic 
The amino acid compositions are given as per cent area contributions to the solvent-accessible surface area, A, and the interface area, B, in protein-protein complexes.
a Composition of the solvent accessible surface area, of the area of protein surface buried inside subunits (interior) and of the area of the interfaces between subunits in a sample of 23 oligomeric proteins (Janin et al., 1988) .
b Non-protein groups. Table 4 . (Table 4 ). The ratio is close to 3 for the protein surface, and 0.7 for the surface buried either inside proteins or between subunits. It is more than 1 in all categories of protein-protein interfaces, particularly in antibody-antigen interfaces.
Polar Interactions: Hydrogen Bonds and Interface Water Molecules
Polar interactions at interfaces were determined using the program HBPLUS (McDonald et al., 1994) and standard geometrical parameters. The number of such bonds, N hb , in each complex is listed in Table 1 . The average interface contains ten hydrogen bonds, but N hb can be as low as 1 between cytochrome c and cytochrome peroxidase (2pcc) or as high as 34 between G tbg and phosducin (2trc). Standard-size interfaces in protease-inhibitor and antibody-antigen complexes interfaces contain 9 (AE5) hydrogen bonds. The N hb value generally increases with the interface area, but the correlation is mediocre and sensitive to the quality of the X-ray structures. For the 36 structures with resolution of 2.4 A Ê or better, there is on average one hydrogen bond per 170 A Ê 2 of interface area B, and the correlation coef®cient is 0.84. For structures at lower resolution, there are fewer hydrogen bonds and the correlation with interface area vanishes, which suggests that errors in atomic co-ordinates mask existing hydrogen bonds. Table 5 shows that almost one hydrogen bond in three involves a charged side-chain, and that salt bridges are not rare. In bonds with only one charge, positive charges from Arg/Lys side-chains are somewhat more frequent than negative ones from Asp/Glu side-chains. The polypeptide mainchain is a major actor in polar interactions, being part of almost two out of three through main-chain to main-chain and main-chain to side-chain hydrogen-bonds. The carbonyl oxygen is the acceptor group most frequently used in hydrogen bonding at protein interfaces.
We analysed the role of water molecules found at interfaces. Because the positioning of solvent atoms is generally less accurate than for protein atoms, we restricted our analysis to structures determined at a resolution of 2.4 A Ê or better. Water molecules were assumed to be at the interface if they were within the sum of the Van der Waals radii, plus 1 A Ê of atoms of both proteins. The great majority form hydrogen bonds with both sides. The number (N wat ) of interface water molecules in the 36 structures is listed in a V is the Voronoi volume of buried atoms; V o , is the reference volume. The %B is the fraction of the interface area contributed by buried atoms. For V H , solvent molecules reported in 36 X-ray structures with resolution 2.4 A Ê or better were included in the volume calculation. Due to the small number of these high-resolution structures in other categories, the mean and standard deviation are quoted only for protease-inhibitor and for all complexes.
interface area B, suggesting that water-mediated polar interactions are more numerous than direct hydrogen bonds, but the correlation between N wat and B is poor (0.5). The different practises of crystallographers in locating and listing solvent molecules are responsible for at least some of this variation. Still, it is evident that there are interfaces from which water is excluded and where solvent molecules are distributed on the periphery of the contact, and others where they occur in central regions of the interface. This can be seen by examining the complexes individually and will be discussed below where it is illustrated in Figure 6 .
Atomic packing at interfaces
The volumes occupied by atoms inside proteins or buried in their interfaces can be determined by constructing Voronoi polyhedra around their atoms, and calculating their volume. The packing density at interfaces was determined by calculating the volume of the Voronoi polyhedron of each atom buried in the interface, summing the values to give a total volume V, and comparing V to a reference value V o . To derive V o , we used the mean volumes that the atomic groups of residues occupy in protein interiors. A V/V o ratio larger than unity means the packing density at interfaces is lower than that in protein interiors, and a ratio less than unity means a higher packing density.
Volumes of atomic groups buried in the interfaces were calculated using an implementation of the Voronoi procedure that is based on an original program by Richards (1974) , with its subsequent modi®cations and extensions by Harpaz et al. (1994) and by Gerstein et al. (1995) . The same program has been used to determine the reference values for the average volume of atoms buried inside globular proteins (Harpaz et al., 1994; Tsai et al., unpublished results) . These volumes are, on average, 5 % smaller than the volumes of equivalent groups in small molecule crystals, of amino acids, indicating that the protein inside is better packed on average than small molecule crystals in spite of the occasional presence of internal cavities which increase the average atomic volume. As small molecule crystals are usually considered to be close-packed, volumes observed inside proteins are a good reference for atomic packing.
For a Voronoi polyhedron to be built around an atom, it must be fully surrounded by other atoms. This implies that the calculation can only be carried out on buried atoms unless the structure of the solvent is known. Only about one-third of all interface atoms are buried. We calculated their volumes in each of the 75 complexes; Table 6 lists the values of the V/V o volume ratio observed at each interface. A histogram of these values is shown in Figure 5 (a). The mean is very close to unity and the standard deviation small. The range of V/V o is 1.01(AE0.06) for all complexes, and 1.01(AE0.03) for all but 11. Thus, the packing density within protein-protein interfaces analysed here is very similar to that within the protein interior.
However, the volume measurement applies only to about one-third of the interface atoms, and says nothing of the two-thirds that have residual accessibility in the complex. In the smaller interfaces, buried interface atoms are few. The cytochrome c oxydase-cytochrome c interface (2pcc) fully buries only 14 atoms; the cyclophilin-HIV capsid complex (1ak4), which has the lowest of all volume ratios (0.95), buries 38 atoms. On so few atoms, the volume ratio is poorly de®ned and the ®nding that they are closely packed may be thought to be insigni®cant. On the other hand, it is certainly meaningful for a larger interface like the transducin G tbgphosducin complex (2trc) that buries 173 atoms, which occupy a volume equivalent to the interior volume of a small protein and are close-packed with a volume ratio of 1.01.
Two complexes have high volume ratios near 1.07: the RNase A-inhibitor (1dfj) and the Fab MOPC21-protein G (1igc) complex. The RNase inhibitor is shaped like a horseshoe and forms a large interface while sequestering the enzyme (Kobe & Deisenhofer, 1995) . Protein G binds to the constant domain (not to the antigen-combining site of the antibody), and forms a standard size interface. In spite of the different interface size, both complexes bury about 60 atoms. Errors in atomic positions due to the limited resolution (2.5-2.6 A Ê ) of the two X-ray structures may contribute to the poor packing suggested by the volume ratio. Our data indicate that the less accurate structures tend to have a high volume ratio at the interface. However, the bias is small at less than 2 %. The mean value of the volume ratio is 1.004 for 22 X-ray structures of complexes with a resolution of 2.0 A Ê or better, 1.016 for 38 structures with a resolution of 2.5 A Ê or worse. Thus, the high value of V/V o in the RNase A-inhibitor and Fab-protein G complexes may be real, and indicate that these two interfaces are poorly packed compared with others.
Because two-thirds of the interface atoms have non-zero solvent accessibility, their volume cannot be calculated in the absence of information of the structure of the solvent molecules with which they are in contact. However, many of the data sets report at least some of the solvent positions which, if included in the calculation, increases the proportion of interface atoms with zero accessibility; 36 of them have resolution 2.4 A Ê or better. For these structures, we could calculate volumes for some protein atoms that are partly solvent accessible by taking reported solvent positions into account when drawing the Voronoi polyhedra. No volume was calculated for the solvent molecules.
The new volume ratio noted V H /V o in the 36 interfaces is given in Table 6 , and a histogram of its values is shown in Figure 5(b) . The range is the same as for V/V o , but 16 values are within 0.5 % of 1.00. For 17 of the complexes, over 60 % of the interface atoms are included; the mean V H /V o ratio is 1.00, and the standard deviation 0.01. In the barnase-barstar (1brs) and the Rho-Rho GAP (1tx4) complexes, the calculation involved almost all the interface atoms. Both have V H /V o ratios of 1.00 and, therefore, these two interfaces are closepacked over their entire extent on the condition that solvent molecules are taken into account. As only 33-35 % of their interface atoms are actually buried, this shows how important water molecules are in the packing of these two interfaces. Table 6 for atoms fully buried at the 75 protein-protein interfaces. V is the sum of their Voronoi volumes, V o , is a reference volume observed for atoms buried inside proteins. (b) Distribution of the values of the V H /V o ratio in 36 structures with resolution of 2.4 A Ê or better. The Voronoi volume V H is calculated for interface atoms in the presence of the solvent molecules reported in PDB ®les. This increases the fraction of interface atoms with zero accessibility. In 17 complexes (black columns), these atoms account for more than 60 % of the interface area. Figure 6 . Interfaces in four protein-protein complexes. The backbone of the two components are coloured blue and green. The shaded surface belongs to the green component at the back, and is in contact with the blue component in front. Red spheres are interface water molecules. From left to right and top to bottom: 1cho, complex of chymotrypsin on the back with the turkey ovomucoid third domain inhibitor (Fujinaga et al., 1987) ; 1dvf, complex between two Fv fragments of antibody D1.3 and the anti-idiotypic antibody E5.2 (Braden et al., 1996) ; *3, complex of RTEM b-lactamase on the back with the BLIP inhibitor (Strynadka et al., 1996) ; 1got, the transducin G ta -G tbg heterotrimer ; G ta is at the back. The Figure was drawn with GRASP (Nicholls et al., 1992) .
Protein-Protein Recognition Sites

Diversity of interfaces
The analysis of the atomic structure presented in the previous sections shows that recognition sites have some features that all, or almost all, share and other features that vary. To illustrate these general points at a more detailed level we describe and discuss here the recognition sites in two complexes that have standard size interfaces and two complexes with large interfaces. All four structures were determined at high resolution (2 A Ê or better). The recognition sites in these complexes are illustrated in Figure 6 .
The two standard size interfaces are between chymotrypsin and the ovomucoid inhibitor (1cho; Fujinaga et al., 1987) and between Fv D1.3 and the anti-idiotypic Fv E5.2 immunoglobulin fragment (1dvf; Braden et al., 1996) . Their general features are representative of other protease-inhibitor and antigen-antibody complexes. They have pico-to nanomolar af®nity (K d 5 pM for chymotrypsinturkey ovomucoid; Bigler et al., 1993 ; K d 11 nM for D1.3-E5.2; Goldman et al., 1997) . Association takes place with little change in the structure of the components. The two interfaces have areas near 1600 A Ê 2 and use a single patch on the surface of each component; buried atoms are well packed, with volume ratios very close to 1. They contain the same number (ten) of hydrogen bonds, and approximately the same number (15-17) of water molecules.
The two complexes also have features that are not the same. They differ in the hydrophobic/ hydrophilic character of their interfaces. The chymotrypsin-inhibitor interface is largely non-polar (64 %), the Fv-Fv interface much less so (42 %). This may be why water molecules form a ring around the more hydrophobic chymotrypsininhibitor interface, whereas they are distributed over most of the more polar Fv-Fv interface. Chymotrypsin-inhibitor contacts mostly involve extended segments of the two polypeptide chains, and the peptide group contributes more hydrogen bonds than side-chains. Contacts between the two Fv fragments involve loops from the complementarity-determining regions of the two antibodies, and side-chains contribute most of the hydrogen bonds. The chymotrypsin-inhibitor interface is depleted in charged groups and has only one charged hydrogen bond, whilst the Fv-Fv interface has six (none of them a salt bridge, however).
As examples of large interfaces, we describe those between b-lactamase and the BLIP inhibitor (*3; Strynadka et al., 1996) and between the G ta and G tbg subunits of transducin (1got), a trimeric G-protein . Both have interface areas near 2500 A Ê 2 and polar characters that are close to the average in our sample. Buried atoms have a volume ratio near 1.02 ignoring water, and 1.00 taking water into account. Thus, they closepacked over large areas.
The two large complexes are otherwise quite different. The b-lactamase-inhibitor complex has picomolar af®nity (Strynadka et al., 1996) . The contact region is a single large patch covering both the active site of the enzyme and an adjacent convex surface made of a protruding loop and helix. On the BLIP inhibitor, the contact region is the concave face of a large saddle-shaped b-sheet. The enzyme changes little upon association, but the inhibitor bends like a clamp over the protruding region of the enzyme to which it binds. The interface has 11 hydrogen-bonds, all involving side-chains, and all but one charged, three being salt bridges. It also contains 31 water molecules which are distributed around and within the interface, and provide additional polar bonds bridging the two components of the complex.
The interaction between the G ta and G tbg components of transducin involves two regions of G ta forming two discrete patches. The G ia -G ibg complex (1gg2) has very similar features. One patch comprises the N-terminal helix and buries approximately 900 A Ê 2 . The helix is missing in the free G ta structure (Lambright et al., 1994) and largely disordered in G ia . The af®nity of G ta for G tbg is weak (micromolar or worse) when the N-terminal helix is deleted. In the natural form of transducin, G ta and G tg are acylated and their attachment to the membrane profoundly affects the stability of the complex (Bigay et al., 1994) . The second patch of the interface buries 1700 A Ê 2 , equivalent to a standard-size interface. It involves regions called switch I and switch II of G ta (Noel et al., 1993) . These regions are close to the phosphates of the bound GTP/GDP nucleotide and undergo major conformation changes upon GTP hydrolysis. Upon G tbg binding, a different but even larger conformation change is observed in G ta (Lambright et al., 1994 . A turn of 3 10 -helix unfolds, and large amplitude main-chain and side-chain movements remodel the protein surface in this region. On the G tbg side of the contact, the G tb subunit, a protein with a characteristic b-propeller fold, has loops connecting b-strands in the b-propeller to form the G ta binding site. Conformation changes are less dramatic than in G ta , yet a comparison with the free structure shows a loop in G tb moving by up to 6 A Ê . The G ta -G tbg interface contains 18 hydrogen bonds, of which all but one involve side-chains; nine are charged, including ®ve salt bridges. It also contains 36 solvent molecules, located mostly at the periphery of the two patches.
Discussion
Early analyses of protein-protein recognition sites were based on a small number of structures, nearly exclusively protease-inhibitor and antigenlysozyme complexes (Chothia & Janin, 1975; Janin & Chothia, 1990) . They revealed a remarkable homogeneity in the size of the interfaces measured by the interface area, and suggested that regions of the protein surface that form recognition sites do Protein-Protein Recognition Sites not differ greatly in their chemical character from the rest of the solvent-accessible surface. The interfaces have a large non-polar component which provides hydrophobic free energy in favour of association as it becomes buried in the complexes, and a polar component providing hydrogen bonds. Both are essential to recognition. Recognition was shown to occur between protein surfaces of similar character having complementary shapes and excluding water over at least 1200 A Ê 2 as the two partners come into contact. It was hypothesised that this is the minimum size of an interface yielding a stable structure. In most cases, the shapes were preformed and conformation changes limited to local movements of small amplitude: complexes formed by rigid-body association.
Standard-size, small and large interfaces
The present study uses a much larger sample. Protease-inhibitor and antibody-lysozyme complexes are still in the majority, but there is a number of examples of recognition sites involved in very different physiological processes. Their analysis con®rms earlier conclusions and introduces new ones, because the diversity of interfaces is much greater. Standard-size interfaces with B 1600 (AE400) A Ê 2 correspond to the description of protein-protein recognition sites given by Janin & Chothia (1990) . Here, we see that the range of structures in which they occur is extended. In addition to protease-inhibitor and antibody-antigen complexes, they occur in about half of the other complexes. Below and above the limits of standard-size interfaces, novel features are observed. The smallest interfaces have B 1150 A Ê 2 . Though they are few at present, we suggest that they represent a type of interaction in which proteins form short-lived, low-stability complexes. The complex between cytochrome peroxydase and cytochrome c (2pcc) is an example. Cytochrome c is a substrate of the enzyme, and must not bind too tightly for turnover to take place. This type of interaction is essential in many cellular processes, but still poorly represented in the PDB.
Large interfaces are better represented, as they form 27 % of the present sample. They were essentially absent in earlier studies. Interfaces with B in the range 2000-4660 A Ê 2 occur mostly between proteases and a particular class of inhibitors and between G-proteins and other components of the signal transduction system. By their size, they resemble subunit interfaces in oligomeric proteins analysed by Miller et al. (1987b) , Janin et al. (1988) , Argos (1988) , Jones & Thornton (1995 and . However, they are less hydrophobic and contain a larger proportion of charged groups.
This re¯ects the fact that the protein components of a complex must be stable and soluble in water, whereas isolated subunits of oligomeric proteins are generally not stable and water soluble. Yet, we ®nd another point of similarity between large interfaces in complexes and in oligomeric proteins: their formation is generally accompanied by major conformation changes. In most oligomeric proteins, association is coupled with subunit folding. The disorder-to-order transition illustrated by the C-terminal tail of hirudin (4htc) and the N-terminal helix of transducin G a belongs to that category. At many large interfaces, the polypeptide chain partly refolds, loops move and the shape of the protein surface changes completely upon association. Thus, the complementary regions that form recognition sites do not pre-exist association as they do in standard-size interfaces.
Close-packing of atoms at recognition sites
We reported here that the atoms buried in the interfaces of trypsin-PTI and the Fab HyHELlysozyme complexes have packing densities like those in organic solids (Janin & Chothia, 1976 . Here, we have extended this work in two directions. First, we have carried out calculations of Voronoi volumes on a large number of complexes. Second, in structures where the solvent structure at the interface is known, we can calculate densities for atoms that are not fully buried. For interface atoms that are buried in 75 complexes, which represents one-third of all interface atoms, the packing density derived from the Voronoi volume is within 7 % of that of the protein interior. In most of the complexes, it is within 4 %. Atoms in protein interiors have mean volumes that are 5 % smaller than those found in crystals of amino acids (Harpaz et al., 1994; Tsai et al., unpublished results) . Thus, close-packing of atoms buried at protein-protein interfaces is equal to or better than in organic solids. By taking into account solvent molecules observed in high-resolution X-ray structures, we can extend this conclusion to a larger fraction of interface atoms which make up more than 60 % of the interface in 17 complexes and almost 100 % in two complexes.
Comparison with other studies
Most surveys of protein-protein interaction (Miller et al., 1987b; Janin et al., 1988; Argos, 1988; Jones & Thornton, 1995 , 1997 Tsai et al., 1996; Xu et al., 1997) deal principally with oligomeric proteins, which we do not consider here. However, the study by Jones & Thornton (1996) has 19 structures in common with our study, mostly protease-inhibitor and antigen-antibody complexes. The statistics on interface areas{, hydrophobicity and hydrogen bonds agree with our study for these types of complexes. For other { ÁASA values in Jones & Thornton (1996) are given per subunit and differ by a factor of 2 from interface areas quoted here.
types, the overlap of the structural samples is too small and heterogeneous in composition for a comparison to be meaningful. A common conclusion is that, except perhaps in protease-inhibitor complexes, interfaces are no more hydrophobic than the rest of the protein surface. This ®nding is at variance with the general description of recognition sites as hydrophobic clusters given by Young et al. (1994) , a description that applies only to protease-inhibitor complexes. The amino acid composition of interfaces reported here agrees with residue propensities cited by Jones & Thornton (1996) for interfaces in heterocomplexes.
Geometric complementarity
Several methods have been proposed to estimate geometric complementarity. Lawrence & Colman (1993) calculated a shape correlation index based on distance and the angle of the normal vectors to the molecular surface. Jones & Thornton (1996) proposed a gap index which is the volume of cavities between the components of complexes divided by the interface area. Values of the shape correlation and of the gap indices were taken to indicate that antigen-antibody interfaces are less complementary than interfaces in oligomeric proteins and in protease-inhibitor complexes. Whereas neither quantity can be directly compared with the ratio of Voronoi volumes we use, our data suggest that the difference, if real, must be marginal. We ®nd the average value of the volume ratio is 1.00 in standard size protease-inhibitor interfaces (Table 6 ) and 1.01 at antigen-antibody interfaces. In both cases, buried atoms are better packed than small molecule crystals, and cavities are no more abundant than inside monomeric proteins. When water is included in the calculation, this conclusion applies to nearly two-thirds of the interface area in both types of complexes.
The apparent contradiction may originate from the presence of water at interfaces and its role in packing. Solvent was present in only one of the antigen-antibody complexes analysed by Lawrence & Colman (1993) , and not considered in the gap index of Jones & Thornton (1996) . We ®nd that crystallographic water molecules surround the contact region and may also ®ll cavities within it. The number of water molecules is about the same in standard-size protease-inhibitor and antibodyantigen interfaces (Table 1) and their importance in recognition has been emphasised in both types of complexes (Huang et al., 1995; Bhat et al., 1994) . Water molecules that surround an interface are illustrated in Figure 6 by the chymotrypsin-ovomucoid protease-inhibitor complex; an example of water molecules within the interface is the D1.3-E5.2 antibody-antigen complex. Both have well packed interfaces, but water plays a greater part in the packing of the second category. Poorly packed interfaces may exist , and if there is an example in our sample, it is in the RNase A-inhibitor or the protein G complexes; there are no examples in antigen-antibody complexes.
Structure of interfaces and the effects of mutations
Atoms that form protein-protein recognition sites can be put into one of three classes: atoms that lose accessibility but do not make direct contacts across the interface; atoms that make direct contacts but remain partly accessible; and atoms that become buried. This description of interfaces, sketched in Figure 2 , should help in interpreting data on the effect of site-directed mutagenesis on the stability of protein-protein complexes. Systematic studies of this type have been performed on several of the complexes considered here: trypsin and chymotrypsin with PTI (Castro & Anderson, 1996) , antibody D1.3 with lysozyme or antibody E5.2 Goldman et al., 1997) , barnase and barstar (Schreiber & Fersht, 1993 , 1995 , the human growth hormone and its receptor (Cunningham & Wells, 1993; de Vos et al., 1992; Clackson & Wells, 1995; Wells, 1996) , factor VIIA and soluble tissue factor (Kelley et al., 1995) . Bogan & Thorn (1998) recently compiled data on af®nity changes, expressed as changes in dissociation free enthalpies (ÁÁG d ) , that occur when alanine is substituted for individual contact residues. They proposed a O-ring model of interfaces similar to that illustrated in Figure 2(b) , yet based on a very different approach. They found that almost all residues that yield large ÁÁG d values have very little accessibility in the complex, and that they tend to cluster at the centre of the interfaces. This ®nding may help in solving an apparent contradiction between the structural data and a major conclusion of the mutagenesis studies: that only a small number of residues matter in terms of af®nity. In barnase-barstar, 43 residues lose accessible surface, a typical value for a standard-size interface. Yet, only 11 yield ÁÁG d > 1 kcal/mol when mutated to alanine. In the hormone receptorhuman growth hormone complex, the numbers are 115 and 25. Thus, in these two systems, about three-quarters of the interface residues can be substituted with alanine with no or little effect on af®-nity. The difference is less (48 versus 22) in the antibody D1.3-antibody E5.2 system.
To understand why the``functional epitope'' de®ned by mutagenesis is much smaller than thè`s tructural epitope'' seen in the three-dimensional structures (Cunningham & Wells, 1993) , several features of interfaces should be taken into account. First, the polypeptide main-chain is inaccessible to site-directed mutagenesis. However, it is an important contributor to interfaces as it represents about one-®fth of the interface area and contributes nearly two-thirds of the hydrogen bonds. Second, three-quarters of the interface area comes from atoms that remain partly accessible to solvent. When these atoms are deleted in an alanine mutant, they can be replaced by water molecules at much less cost than fully buried atoms. In contrast, deleting buried atoms which we ®nd to be close-packed optimising Van der Waals interactions, cannot be done without a cost.
Conclusion
The examples of antibody-antigen, proteaseinhibitors and many other complexes show that a standard-size interface is suf®cient for both stability and speci®city. These standard recognition sites form stable protein-protein complexes irrespective of the size of the proteins, and no large conformational change is involved in their formation. On average, these interfaces bury 1600 A Ê 2 , have a chemical character that is close to the average protein surface, and involve nine hydrogen bonds and the same packing density as the protein interior. Individual complexes have variations around these mean values, which are large in the case of their chemical character but small in the case of packing densities. These variations are not apparently correlated with each other, with the size of the components or with af®nity constants. They balance each other in a manner not open to simple structural analysis.
Large interfaces are not designed to improve stability. In transducin or in the bacterial elongation factors, stable association of the subunits could presumably be achieved by forming a standard interface. However, it would serve no function: in the G-proteins, subunit assembly is tightly coupled with the hydrolysis or the release of the bound nucleotide through large conformation changes. In transducin, the changes mediate the visual signal; in elongation factors, they allow aminoacyl-tRNA to bind. Compared with those between trypsin and PTI or barnase and barstar, the interfaces between the G ta and G tbg subunits of transducin or the Ts and Tu subunits of the elongation factors, have a similar atomic composition and they are equally well-packed, but they are much larger. This must be the source of additional free energy for the conformation changes that enable these proteins to carry their function.
